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Abstract L

Since graphene and other 2D materials have no bulk, a major issue is their sensitivity to surface
contaminations, and the development of clearfing processes is mandatory. High density plasmas
are attractive to treat (clean, dope, pattem)\ﬂik efials because they are a mature industrial

technology adapted to large area wafer. H&Q_@ these plasmas the substrate is bombarded by

a high flux of both thermal radicals an r.%ét; ions with typical energy above 10 eV, which can
easily damage atomic layer thin materials. We<have investigated systematically the interaction of
(

H: and He inductively coupled pla P) with graphene in industrial reactors. We report a
specific issue associated with e 2 plasma: they etch the inner part of plasma reactor
walls, thus releasing impuritie%p sma, most notably O atoms that etch graphene and Si
atoms which stick on it. sence of parasitic oxygen presumably explains the discrepancies
found in the literature regarding the impact of reactive plasmas on graphene damages. To get rid
of this issue we propose 4o a fluorinated aluminum chamber. In this case, fluorine atoms
which are shown{{) be“harmléss to graphene are the only impurity in the plasma. Under such
conditions H2 ICP p a 1s'shown to clean graphene without damages if the ion energy is kept

below about Q
ntroduct
bricati

1. 1 ion
The Tic é electronic devices requires many technological steps including surface
clean@reparation, doping and patterning. With the development of artificial structures
bdsed on aterials, these technologies must be revisited to accommodate stacks of atomically
layer§. In particular, reactive plasma processes which are key technologies in semiconductor

u ring are not necessarily compatible with such fragile layers. For instance, Ha, Ar, Oz
m?ﬂ% plasmas have been used to clean polymeric residues from graphene [1-4], to pattern
graphene [5-10] and to trim laterally graphene nanoribbons [11-13]. The key issue when dealing
with plasma processes of graphene is plasma induced damages, which can be caused either by
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Publishighgimical reactions with reactive radicals (chemisorptions, etching) or by energetic ions
(sputtering) [1, 4-6, 16-22].
Four different types of plasma sources have been used to treat graphene: downstream plasmas in
which the surface is exposed only to thermal radicals (O, H, etc...) [1, 4, 7, 21-23]; high density
plasma sources in which the sample is bombarded by high fluxes of radicals and ions but with
relatively low energy ions (10—150 eV) [2, 3, 12, 24-26]; capacitively goupled plasmas in which
the sample is bombarded by a low flux of very energetic ions (typically > 100 eV) [10] and
finally, low electron temperature (Te) plasma or pulsed inductively coupled plasma (ICP) can be
used to generate a small flux of low energy ions (1-10 eV range accessible) [27].
Although the results greatly depend on the plasma conditionssand“especially the plasma
chemistry, the global trend is that low ion energy bombdidment is mandatory to prevent the
etching of the graphene layer. For instance, experiments performed with Ar ion beams to clean
graphene [4, 28] have revealed that above 10 eV endrgy th€ graphene lattice is irreversibly
damaged.
Indeed, several recent reports [7, 22, 23, 27] suggestithat beth Low Te plasmas and downstream
ICP generate much less damages to graphene than“a typical ICP. However, several other studies
[2, 24, 25] carried out in typical ICP regimey(high ion flux) in Cl2 or H2 plasma have shown that
ICP reactors are efficient to dope and clean graphene“without causing irreversible damages to the
graphene lattice. The case of Ha2 plasma i1s\particularly interesting because it has been studied
extensively for a broad range of applieatiens (¢leaning and doping of graphene sheets [2, 3, 24,
25], to pattern graphene [7, 29, 3Q], to etch laterally nanoribbon [15, 31], to produce graphane
[32] or to store hydrogen [33]). Heweyery contrasting results have been reported by several
groups [26, 34-36] under appareufly«similar experimental conditions, and severe damages have
been reported even in downstream Haplasmas [1, 21].
Such discrepancies can b€ due*to many reasons, the simplest one being that the flux and energy
of the particles that bomibardigraphene strongly vary from one reactor to another. There is another
important source of'yariabilityy when dealing with atomically thin layers: the presence of
impurities in the dischargethat may damage graphene or contaminate its surface. Such impurities
can originate from the etching of the reactor vessel and can interact dramatically with the material
being treated“As a matter of fact, managing the reactor walls is a considerable issue in typical
processes Mised, for integrated circuit fabrication, and sophisticated coating/cleaning strategies
(between cach processed wafer) have been implemented in this field to ensure process
reproducibility [87, 38].
In_this ‘work, we have analyzed the impact of the contaminants released from the inner part of
plasma reactor walls and substrate holder when graphene is exposed to H2 and He ICP plasmas.
Using X-ray Photoelectron Spectroscopy (XPS) and Transmission Electron Microscopy (TEM),
weyshow that halogens, metallic and O impurities originating from the etching of the reactor
walls or wafer holder are present in these plasmas. As a result, if no attention is paid to the
reactor vessel material, graphene is etched by O atoms and/or contaminated by metals and
halogens. In this paper, we have investigated several reactor wall coatings and analyze their
impact on graphene. This allows us to propose a specific reactor coating strategy to treat
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Publishigrgphene without damages since under these conditions F atoms, which are harmless to graphene,
are the only impurity in the plasma.

2. Experimental

Plasma treatment is carried out in a high-density inductively coupled plasma (ICP) source (DPS
AdvantEdge™) from Applied Materials designed to etch 300 mm diameter wafers and described
elsewhere [43]. The inner part (lining) of the reactor is typically made“ef Al2O3 material which
can be replaced with SiO2 or Y203 liners. In all the experiments described below, the wafer
temperature is kept at 65 °C by helium backside cooling (electrostatic chuck). However, the
sample temperature can increase during long plasma experiments due the reduced thermal
coupling between the sample and the wafer. The reactor isgnodified te. be connected to an XPS
system by a robotized vacuum transfer chamber allowing quasi_in-situ analysis. The chamber is
also equipped with plasma diagnostic techniques, including ion flux probe [44, 45] to measure
the ion flux and retarding field electrostatic multigrid.analyzers‘[46] to measure the ion velocity
distribution function at the wafer surface. The ICP\plasma, can be operated in continuous wave
(CW) mode or in pulsed mode [47], in which the RE power'is turned ON and OFF periodically at
high frequency. In pulsed mode at low duty cyele both, the ion flux and ion energy are very low
and the plasma conditions are basically comparable.to those obtained in a downstream reactor
since [46]. To improve the wafer-to-wafer reproducibility, the ICP reactor is cleaned using
typical industrial cleaning process [48)«with an SFe-based plasma (SFe/O2 plasma) in between
each experiment. Three different carrier\wafers of 300 mm diameter are used to introduce and
hold small graphene samples in thewreactory Aluminium (Al), Aluminium Oxide (Al203; 20 nm
Al203 deposited on 500 pm tHick<Silteon*wafer by plasma CVD) and Silicon (Si) wafers. The
graphene samples are stuck with kapton™ tape on the carrier wafer.

Samples treated in this Study, are commercially produced monolayer graphene sheets from
Graphenea S.A. We use thege different types of graphene samples: as-grown CVD graphene on
Cu foil, PMMA -assisted transfetred CVD graphene on SiO2 (300 nm thick)/Si and Si (with native
Si02) substrates.

XPS measurements over an area of few mm? were carried out at a base pressure of 10" mbar with
a customized<hermo Electron Theta 300 spectrometer using a monochromatic X-ray source Al-
Ka (1486.6' eV).<lhe emitted photoelectrons are collected using an electrostatic lens with 60°
angular acegpfance. The axis of the lens is 50° from the sample normal, enabling electron
collection‘rangiug from 20° to 80°. The overall energy resolution of the analysis is 0.4 eV. The
Spectrometer is directly connected under vacuum to the plasma chamber through a robotized
transfer chamber. This experimental configuration prevents surface contamination between the
plasma process and the XPS analysis, thereby allowing a quasi-in-situ analysis condition of
plasma-treated graphene surface. The XPS spectra were fitted using standard procedures, i.e.
Shirley background subtraction and resolution into Doniach-Sunjic function for sp? graphene-
related component and Voigt function for the other components.

Atomic resolution TEM imaging was performed using a low-voltage aberration corrected
microscope (Titan Ultimate-FEI at 80 kV) in order to observe the sample before and after the
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Publishiplgema treatments. Monolayer graphene was transferred on SisN4 quantifoil TEM grids with 1
um diameter holes and then treated by the H> plasma. Transfer was done using standard
procedures, i.e. etching of Cu foil using aqueous solution or graphene delamination from Cu by
electrochemical process, and transfer of resulting free standing PMMA on graphene film on new
support, in which PMMA was removed in acetone, leaving behind persistent PMMA residues.
Due an adhesion issue of graphene on the silicon nitride TEM grids and to the inherent fragility
of suspended graphene, it was necessary to treat the graphene transférredion the grids in a pulse
plasma at same pressure and power as before (the ion energy i§ reduced to 1-5¢V in pulsed
mode). XPS measured directly on TEM grid indicates that the final*g€sult is the same in pulsed
and CW modes.

3. Results and Discussion

3.1 The issue of the chamber walls: the necessity of cdatings

In typical high-density plasma (HDP) sources, the wafer'is bombarded by a high flux of reactive
radicals and by energetic ions, which may result infthe etching of graphene or on the grafting of
radicals at the graphene surface. However, while 4adicals can easily chemisorb on dangling bonds
(vacancies, defects, edges of graphene nanoribbons),they often cannot stick on pristine graphene
which is protected by an energy barrier fornfed bysthe @-electron cloud of graphene. For instance,
an H atom with energy less than 0.4-0.6 e/ cannot chemisorb on a pristine graphene surface [49].
Since radicals in plasmas have typically an“energy less than 0.1 eV, they remain inert toward
graphene. Therefore, in many cases only, the positive ions whose energy is typically above 10 eV
in HDP sources can chemisorb oy gtaphene. One notable exception is atomic O which reacts
spontaneously (barrier less) with the ‘graphene to form CO and COz etch products [50, 51]. The
presence of parasitic oxygen in thegplasma should, therefore, be considered as a serious issue, and
must be prevented. Howeyer, we find'that O-free conditions are highly difficult to obtain both in
He and H: plasmas when«they are operated in typical plasma reactors. To illustrate the issue, we
first operated the plasma in a“elean plasma chamber entirely made of Al2O3. To do so, we run the
plasma of interest {He/H2) for a few minutes before introducing the sample to the sputtered
impurities from €¢he«Al2O3«chamber walls. Indeed, our industrial ICP reactor is periodically
cleaned by SFe¢ plasmasio ensure process reproducibility [48, 52]. Note that industrial ICP
reactors aref typicdlly used in Front End processes, i.e. to etch semiconductor and metals in
halogen béased plasmas. Since these processes deposit metallic impurities on the reactor walls, the
industgy..has“inttéduced waferless chamber cleaning processes to ensure wafer to wafer
reproducibility. Those clean are F-based, typically SFe/O2 or NF3/Oz. This treatment fluorinates
the" Al2Os.chamber walls, transforming their surface in AlF3 and leading to the absorption of F
inside thg ceramic pores. By operating the plasma for a few minutes, most of the F originating
from*the SFs cleaning plasma is sputtered from the chamber walls which are then turned to a F-
poor “AlOFx material. The reactor with these conditions is referred to a “clean reactor” even
though significant amount of F atoms are released from these walls both in He and Hz plasmas, as
discussed below.
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Publishilg plasma treatment. Figure 1 shows the XPS spectra of CVD graphene on Cu before and after

exposure to a low power (50 Ws) He ICP plasma operated in the clean reactor.
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Figure 1. (a-b) Survey XPS spectraw on CVD graphene/Cu: (a) reference before He plasma
t

treatment and (b) after He plasm n‘ea%; a clean reactor with chamber walls made of AL,Os. (c-d)

Corresponding Cls XPS spectra: (c) beforevand (d) after He plasma treatment revealing the presence of

parasitic oxygen and fluori Mcgi;n the plasma. Prior to He plasma treatment, the ICP reactor is first
2]

cleaned with SF¢ plasma 52]. Then, He plasma is run first without the graphene sample and then with
the sample. The small graphe

treatment conditions ar
and 200 sccm He t{

a) and C=0 bonds after the plasma treatment (as shown in the Cls spectrum in
revealsithe presence of parasitic oxygen atoms in the plasma. They originate from the
chamber W angfor the 300 mm Si (with a thin film of native Si02) carrier wafer under these
conditions. H a chemically inert gas, so it is either the physical sputtering by the He" ion or
theinte ctioS of energetic photons or metastable He atoms, which sputters O from the Al2O3
lls and‘or rom the carrier wafer. We also observe the presence of parasitic F atoms bonded to
ne/(figures 1(b,d)). They originate from the plasma interaction with the walls. Since F
Mcannot chemisorb on pristine graphene, their presence is indicating the formation of
defects (vacancies, holes...) during the plasma, on which F can chemisorb due to the presence of
dangling bonds [53, 54].
H; plasma treatment. In Hz plasmas the situation is even more critical: in addition to the defects
created by O atom etching and decorated by F atoms we also find significant amounts of silicon

sample is fixed on a Si wafer of 300 mm diameter. The He plasma
s’fbll?vs: 50 W ICP power, 300 mT chamber pressure, 30 sec treatment time

The presenc
figure 1(
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Publishicigisorbed at the graphene surface, as evidenced by XPS (about 25% of Si is detected at the
surtace, figure not shown here) and by the HRTEM image (figure 2) which shows that Si atoms
are covering the surface (graphene and PMMA residues) progressively.

Figure 2. HRTEM image of CVD monolaye Na"p‘ﬁ!:ne‘transferred on Si3sNg TEM grid after H, plasma
treatment. The red square and the associ insetidicate a region where several layer-thick PMMA is
observed. These regions are systematigally 1ated with the presence of heavier silicon impurity atoms
(that appears darker) especially on thgig‘% the flakes of residues. Prior to H, plasma treatment, the
ICP reactor is first cleaned with gﬂ{; 8, 52]. Then, H» plasma is run first without the graphene
sample and then with the sample. Thésmallsgraphene sample is fixed on a Si wafer of 300 mm diameter.

The H» plasma treatment conditions are as follows: 800 W ICP power, 200 mT chamber pressure, 30 sec
treatment time and 200 sccm H, flow.

In an Al2O3 chamber, {s p?asitlc silicon can only originate from the etching of the 300 mm
diameter Si (or Jé wafer, which serves as a substrate holder for the small graphene samples.
The Si atoms ch;:%q this substrate in the form of SiHx is easily dissociated and ionized by
electron impactweaction in the plasma [55] and redeposited on the graphene sample.
To furtherthighlightthe chamber wall issue, we performed similar plasma treatment in the A2O3
chamber, bu sing'a 300 mm diameter Al2Os wafer; this wafer, which can be transported under
vacuum to t PS analyzer, is used to simulate the chamber walls (same material) and to
andlyze impact of He and H: treatment on their aging. Figures 3 (a-b) show the Al2p XPS
spectra béfore and after 20 minutes of exposure to a high density H> plasma. After the plasma,
ew ibutions are observed in the Al peak and attributed to metallic aluminum i.e. Al-Al
0 This indicates that the H> plasma reduces Al-O bonds by forming OH or H20O volatile
products which are desorbed in the plasma, thus acting as a source of O.
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Figure 3. (a-b) XPS Al2p spectra mgasuegd on the 300 mm diameter Al,Os wafer (a) before and (b) after
H, plasma treatment in a clean ICP reactor with Al,O3 chamber wall. (¢) Cross-sectional HRTEM image
of the same sample before after the plasma treatment. Prior to H, plasma treatment, the ICP reactor is
first cleaned with SFs plasmay48, 52]. Then, H, plasma is run first without the sample and then with the
reatment egnditions are as follows: 800 W ICP power, 200 mT chamber pressure,
20 min treatment tim€ and*200 ycrn H, flow.

There is no e mAle3 layer but its top surface is reduced to become metallic, and the

depth of t ied material increases with time. As shown in the TEM images in figure 3 (c),
the AO d on a depth of about 4 nm after 20 minutes of plasma, and the total
thicknéss~of mple is increased by 2 nm. This swelling of the layer strongly suggests the

incorperation‘ef H in the layer and perhaps the formation of cavities and bubbles. Furthermore,
have etected significant amounts of F atoms on the sample by XPS (Table S1 in the
su ortin) information (SI)). This F is released from the true reactor walls during the H> plasma
S to the Al2O3 sample. Interestingly, F is not covalently bonded to Al but seems to be
'm%sﬁbrbed in the (rough) sample either in the form of F or more probably HF. On a longer term,
the'presence of such corrosive species could be another source of reactor wall degradation.
Similar H2 plasma experiments performed in the ICP reactors with Y203 (the material of most
modern chambers) and SiO2 walls lead to the same observation and conclusions (data not shown
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Publishiege): in a high density H2 plasma the metal-oxide parts of the reactor are reduced, thereby
releasing O atoms in the plasma as well as Si atoms in the case of the SiO2 chamber wall.
Therefore, He and H2 plasmas operated in a “clean” plasma chamber damage the materials
constituting the plasma chamber, releasing O atoms, halogens and metallic impurities in the
plasmas. This is a considerable issue since these atoms will, in turn, damage the graphene
irreversibly. From this observation one can conclude that a specific/Athamber (as well as the
substrate holder) conditioning strategy must be implemented to treat‘graphene under controlled
conditions. We will discuss the specific issues with the substrate helder'in the'section 3.

3.2 The influence of various chamber wall coatings

Coating the chamber walls by using an appropriate plasma Before processing a wafer is a typical
strategy used in the microelectronic industry to ensure wafer tQ wafer reproducibility during Si
and metal etching processes. Typical coatings include SiOx {(deposited by SiCls/O2 plasma),
fluorination of Al203 or Y203 chamber walls with.a SE¢ or' NF3 based plasma and carbon
deposition from CHx or CFx plasmas. By analogy with the issue of SiO: wafer observed
previously, the plasma deposited SiOx coating isiexpectéd to release O and Si atoms in the
plasma, and is not ideal for plasma treatment,of graphene and other 2D materials which are
sensitive to oxidation. Therefore, we have i1nyestigateéd the impact of fluorinated and carbon-
coated chamber walls on the H2 and He plasmatseatment of graphene.

Carbon coating. Figure 4 shows XPS§ spectrawof a CVD graphene/SiO2/Si before and after Ha
plasma treatment in the carbon coated IGP ¢hamber (C coating deposited by CH4 plasma: 500 W
ICP power, 5 mT chamber pressurey 00 scem CHa, 60 sec).. The H2 plasma treatment results in
an increase of the Cls carborpeak ntensity (Figure 4(b)), which demonstrates that there is
deposition of carbon like materials ‘on the graphene sample under these conditions. We underline
that this deposit is extremély thin, probably a monolayer. To confirm this carbon contamination,
we then analyze the Cls corg level spectra before and after the plasma treatment (Figures 4(c-d)).
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Figure 4. (a-b) Survey XPS spectra measured }s%hgi 10,/Si: (a) reference before plasma and (b)
after 30 sec H, plasma treatment. (c-d) corres OMC PS spectra: (¢) before and (d) after the plasma
treatment. The increase in the carbon peak in ~s\@"-m.(b) indicates the contamination of the graphene
surface with carbon released from the rea all during the plasma treatment, as is also confirmed by the
increase in the carbon containing components, il graphene as well as in PMMA (d). The inset on the upper
right hand side is a schematic represenfation of the various carbon components present in PMMA and
graphene. Prior to H, plasma treat the 300 mm diameter Al,O; carrier wafer was treated with SF¢/O»
plasmas, and the ICP reactor was treated with CH, plasmas. Therefore, the surface of the Al,Os carrier
wafer is fluorinated while t

amber walls are coated by a thick layer of carbon. Then, the H, plasma

treatment was carried out with the following conditions: 800 W ICP power, 200 mT chamber pressure, 30

sec and 200 sccm Ho.

£
The measured C1</curv f e graphene/Si02/Si before H2 plasma treatment can be fitted with

the contribution.of sixecomponents. The main asymmetric peak observed at 284.4 eV binding
energy is chafacteristic of C=C bonds (sp? component) in graphitic carbon [56]. The second sp*
) eV is mainly assigned to amorphous carbon (as C—C, C—H bonds) commonly
observed T CVD-grown graphene [57]. A third component located at 284.0 eV is attributed to

graphéne-Si 1) bonding at the interface and/or to presence of single vacancies [58]. The
remaining four smaller Cls components at 285.7 eV, at 286.4 eV, at 287.1 eV and at 288.9 eV

%Sii , respectively, to different chemical environments of carbon atoms in PMMA

residues, for example, C—H, C—C, H-C-0O and O—C=0 bonds [59].

C\ s spectrum of the same sample after 30 sec H2 plasma exposure (Figure 4 (d)) shows an
in¢rease of all the contribution of the Cls peak including the sp? component, suggesting the
presence of additional carbon residues. The increase in C-Si contribution is attributed to plasma
induced reactions between SiOx contaminants (initially present on graphene) and carbon atoms
originating from graphene or from atmospheric contaminants: it has been shown [2] that SiOx
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Publishimgioparticles are decomposed and spread on the surface under H2 plasma treatment. Since the
small graphene sample is placed on a fluorine coated Al2Os carrier wafer during plasma
exposure, the redeposited carbon clearly originates from the erosion of the carbon coating on the
chamber walls which release Cx and/or CxHy radicals in the plasma. It is interesting to underline
that the H> plasma is etching the amorphous carbon deposited on the chamber walls at a high rate.
Therefore, it is surprising to observe carbon deposition on graphenzz’é the same plasma at the
same time. By analogy with 2D PMMAJS residues [60, 61] we believ h)&]gifdeposited carbon
contains aromatic cycle or linear chains which stick onto graphe b?))i—st ing: this explains
why some of the redeposited carbon is not etched away by H atoms.

High density He plasma performed in the same carbo COM ber leads to similar
observations (Figure S1 in the SI) even if He is chemical ir§1: there is some carbon eroded
from the reactor walls and redeposited on the graphene. #Carbo e?;lﬁng from the chamber walls
could be due to He" ion bombardment to the walls (physical et¢hing) or from photon/metastable

assisted etching of carbon. We thus conclude tha(h'e ca coating is not ideal for treating
graphene in He and H> plasmas. ‘)

Fluorine coating. In the case of the AlF3 coatings med by SFe/O2 plasma as described in the
SI) on the chamber walls and the Al2O3 carfigr er,swe first observe a decrease of the carbon

peak intensity (by about 50%) in the XPK{ spectra of graphene/SiO2/Si (Figure 5(b)) after
db

90 sec exposure to Hz plasma, which coul ue to the removal of PMMA residues.

.
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e 5. %—b) survey XPS spectra measured on graphene/SiO,/Si; (a) reference before plasma and (b)
» plasma treatment. (c-d) corresponding Cls XPS spectra; (c) before and (d) after H> plasma

ftment indicating removal of various carbon components in PMMA as well as removal of carbon
residues in graphene as confirmed by the decrease in Csp® peak intensity (blue curve in (d)). The
appearance of the C-O peak, as indicated by arrow in (d), suggests graphene contamination with oxygen.
Prior to H» plasma treatment, both the carrier wafer and the ICP reactor were treated with SF¢/O> plasmas.
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Pub|ishilﬁ1gi >r these conditions, both the chamber walls and the wafer holder are fluorinated alumina. Then, the
pilasina treatment was carried out in 2 steps: step-1) 800 W ICP power, 200 mT chamber pressure, 30 sec,
200 scem Hy, step-2) 800 W ICP power, 80 mT, 60 sec, 200 sccm H,.

The comparison of the Cls spectra before and after plasma exposure (Figures 4(c-d)) indicates
that there is no more PMMA residues remaining on graphene. The decrease in C sp* contribution
indicates removal of pre-existing amorphous carbon residues from grdphene. The weak peak at
~286 eV binding energy is due to a small contamination by hydro roups, such as C-O (i.e. -
OH react with graphene to produce C-O groups) [58]. Howeve tl%is C-O contribution is not
attributed to PMMA residues, which are fully eliminated (indeed, ‘a,more prolonged plasma
exposure results in an increase of this peak, figure not show ez) most likely source of this
oxygen is thus the reduction of the 300 nm SiO: layer un thegraphene. Indeed, under our
conditions Hx" ions can pass through the graphene layer fvithout aging it (as evidenced by the
Cls peak in figure 5(d) and Raman spectra shown in Figure 10) and then becomes intercalated
[62]. The H atoms trapped between the SiO: arqﬂgraphe layer can partially reduce SiO:
resulting in free OH radicals which bond to graphe at‘ae interface [63]. This assumption is
supported by the Si2p XPS spectra (Figure 6)4of the me graphene/Si02/Si sample: after 30 sec
H: plasma, a new contribution (SiOx1) is ob&{%&tl wer binding energy (~101 eV) compared
to the principal SiO2 peak, which corresp 0 the contribution of sub-oxides i.e. SiOx with x <

2 (Figure 6(b)). \
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Figurel6. Si2p § spectra of graphene/Si0,/Si; (a) reference before H, plasma treatment and (b) after H»
pl sma frgatment in the fluorine-coated ICP reactor with fluorine coated 300 mm carrier wafer (20 nm
ALOs on 50

parti

um Si). The appearance of the SiOy; peak in the lower binding energy (d) demonstrates a
| reduction of the 300 nm SiO» layer underneath graphene during H, plasma exposure. The plasma

ment was carried out in 2 steps: step-1) 800 W ICP power, 200 mT chamber pressure, 30 sec, 200
¢m Hp, step-2) 800 W ICP power, 80 mT, 60 sec, 200 sccm H.
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Publishifig underneath SiO2 layer is thus reduced by H through the graphene layer. As discussed in the
section 4, this may cause some issues (such as graphene lift-off) if an excessive amount of gas
becomes intercalated underneath a graphene layer [62].

On the other hand, only traces of F atoms are observed in the survey spectrum (Figure 5(b)),
attesting that graphene is not damaged. Indeed, there is no CFx contribution in the Cls spectrum
(Figure 5(d)) suggesting that F is not covalently bonded to carbon at(c%ﬁs in graphene but rather
physisorbed, either in the form of F or more probably HF.

Interestingly, the O atoms released from the SiO: layer and later b najo%ene do not lead to

graphene etching while O atoms from the plasma are found togetchsgraphene spontaneously as
discussed previously. One possible explanation is that O at N tion, which requires a
sp* to sp® re-hybridization of the C atom involved, bends e taph hene surface (thus makes it
fragile) more when chemisorption is on the top (facing plasma) than on the bottom
(intercalated) due to the finite distance between the substtate and the graphene sheet [64].

We also underline that similar results are obtam ‘with ene transferred on Si substrate
(Figure S2 in the SI) leading to the conclusion: H 1n the AlIF3 conditioned ICP reactor

with fluorine coated Al2O3 carrier wafer is an ef 1vel.slrategy to clean PMMA residues from
transferred graphene irrespective to the unde \\Qt rates. Note that a thin native SiOz layer is
also detected between graphene and Si su stra n the-case of graphene/Si sample.
In contrast, the He plasma treatment o a with similar fluorine conditioning of the
chamber walls and the carrier wafer esdé tosgraphene damages. The extent of the damage,
P powér, chamber pressure and treatment time. For instance,
e ‘a complete etching of graphene within 30 sec of the
treatment (Figure 7(a)). For the atment time at lower powers (150 and 100 W) there is a
partial etching of graphene with sigmificant damage in graphene lattice as evidenced particularly
by the increase of C sp*, £-Si trlbutlons and by F atoms covalently bonded to graphene in the
s/

however, varies depending on the
at high ICP power (> 200 W)
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Publishifigure 7. (a-d) Survey XPS and (e-g) corresponding Cls spectra measured on He plasma treated
graphene/Cu at different ICP powers with fixed chamber pressure (300 mT) treatment time (30 sec) and
He flow rate (200 sccm). The plasma treatment is carried out in the fluorine-coated ICP reactor with
graphene/Cu fixed on the fluorine coated 300 mm Al,O; carrier wafer.

Finally, at low power (50 W) there is no evidence of important graphene damage (except a very
little amount of F atoms physisorbed to graphene (Figure 7(d)) and ungderthese conditions the He
plasma has removed some of the PMMA residues. However, even af sugh lowpower, graphene is
slowly etched away with continued exposure to 50 W He plasmasinstead of being cleaned, as
shown in figure S3 in the SI. We also observe that graphene is_instantly etched when the chamber
pressure is reduced below 40 mT irrespective to the ICP peiwer and treatment time, as shown in
figure S4 in the SI. These observations suggest that graphene _damages are caused by the ion
bombardment in He plasmas, which wasn’t the case in Hz. There are two possible reasons for
such discrepancies. First, it is known [65] that the predominant’ion in H> plasma is H3+, which
splits into 3 H atoms at the impact with the surface; the initial energy of H3+ is shared between
these fragments, which minimizes the risk of“surfage 4damage by sputtering. Second, the
ionization energy threshold of the parasitic speeigs present in the plasma can be lower than that of
the gas, leading to the formation of chemically«eactiye heavy ions [66]. The ionization energy of
some common impurities are as follows [6%]"Ad(6.¢eV), S1 (8.1 eV), C (11.3eV), O (13.6eV), F
(17.4 eV). This is to be compared to the_ionization energy threshold of He (24.6 eV), Hz (15.4
eV) and O (13.6 eV) [67]. Therefore, one major difference between H2 and He plasma is that due
to the high ionization energy of He a/Ithe parasitic species released from the reactor wall will be
ionized and bombard graphen®, with ‘an energy higher than 15 eV: this energy is enough to
overcome energy barriers and cheémisorb on graphene, but also to sputter C atoms from the
lattice. This is why damages arg systematically observed in He. By contrast, in H2 plasma Si, Al,
C can be ionized, but neither F nor O, which explains why there is no irreversible damages to
graphene in H> plasm@ operatedin an AlF3 coated chamber where F is the only impurity.

In summary, the fldorine«goating is not resistant to He plasma leading to F contamination, and the
He plasma, being chémically inert, is not effective to remove PMMA residues from graphene, in
contrast to Hafplasmas.

3.3 The néed of specific carrier wafer

A 300 mm wafer must be used to introduce and hold the small graphene small in our ICP reactor
during plasma exposure. We analyzed the impact of the nature of the 300 mm wafer on graphene
dafmage M the case of a Silicon wafer, a fluorinated Al wafer and a fluorinated Al2O3 wafer. In
the three €ases, the ICP chamber is preconditioned with SF¢/O2 plasma leading to fluorine coating
to chamber walls. Graphene sample is then placed around the center of the carrier wafer.

In thewease of the Si carrier wafer we observe a severe Si contamination of the graphene after the
Hzplasma treatment (Figure 8(a)).
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Figure 8. Survey XPS spectra measured¢on H, plasma treated graphene/Cu and graphene/SiO,/Si with
different carrier wafers. (a) reference graphene/Cy before H, plasma treatment and (b) after H, plasma
treatment in the fluorine coated ICP regetor wi
well as contamination with Si. (c grapm
reactor with fluorine coated 300 m
fluorine and (d) corresponding Cls spe

contamination. The plasmaftreatnient was carried out with the following conditions: 800 W ICP power,
200 mT chamber pressuté, 30"sec and 200 sccm Ho.

Intensity (arb. units)

h 300 mm Si carrier wafer indicating graphene etching as
»/Si after H, plasma treatment in the fluorine coated ICP

inum (Al) carrier wafer indicating graphene contamination with
m shows appearance of C-F component confirming fluorine

To evidence thié/ co /mit}dtion, we have used graphene/Cu instead of graphene/SiOx.

Furthermore, the“graphene tayer has been partially etched as evidenced by a strong decrease of

the C peak 1 }55311 as a significant F contamination of the sample. The case of the F-Al

wafer (Figufes 84(c)-(d)) is quite similar: graphene is etched and some Al contamination of the

surface is“@bsetved. The best result is obtained for F-Al203 (20 nm PECVD deposited Al2O3 on

Si) capfier w résulting in effective cleaning of PMMA residues from graphene as discussed
s

beforey(Figurés 5 and S2 in the SI).
Inf the the Si wafer, the F atoms released from the AIF3 chamber walls during the H>
plasma e)y)osure assist the etching of the Si wafer, and the SiFx etch products are then dissociated
d 10mized before deposited to the graphene sample. Therefore, both Si and Al wafers are
\“ﬁc@nﬂy etched by H atoms (and F in the case of Si), while the fluorinated Al2O3 ceramic is
mote resistant. In fact, the material of construction of the plasma reactor is typically Al2Os3 or
Y203 due to the stability of these ceramics against the chemical attack by halogen atoms. The F-
AlL203 is highly resistant to H2 plasma and this substrate releases only F atoms in the plasma

14


http://dx.doi.org/10.1063/1.5043605

E I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishi@gactly as the reactor walls do), which are harmless to graphene. By contrast, Si and Al are
etched by F and H, releasing Si/Al and O atoms (from the thin and fragile native oxide layer at
the wafer surface) in the plasma. The Si/Al are easily ionized, and since the Si” and Al" ions are
heavy, they will sputter graphene and/or stick on it. Furthermore, the native SiO2 oxide on the Si
wafer releases O atoms at the beginning of the plasma leading to graphene etching, and the
released F atoms are then decorated the generated defects. The ﬂuoril?(ed AlL20O3 is thus the only

solution we found to treat graphene. \

3.4 The need of specific plasma conditions

Once one knows how to deal with the reactor wall and the waN there is still a need to
optimize carefully the H2 plasma cleaning process.

PMMA residues have been shown to be two types, refege 0 as“PMMA” and PMMA® and
follow different etching mechanisms due to their different chémical compositions [68]. For
instance, PMMA®* are few nanometers thick, round-shaped a1§orphous residues and are easily
etched by H atoms. PMMAS residues, which havé _a 2D.structure and contain aromatic cycles
(mixture of sp? and sp® carbons) strongly adheré graLh e by pi-stacking [60, 61]. Since our
H: plasma cleaning process etches selectivelysp® hybiidized carbon over sp?, PMMAS residues
are etched by H atoms but from their edges% ], a process which is long. Furthermore,
there is another issue associated with cledning;awhich limits the time available to clean graphene:
the graphene lift-off effect. As shown dn.figuresd, H atoms get intercalated between graphene and
Si0z2 and partially reduce SiO: layer. T %pﬁﬂd H atoms at the interface can also recombine to
form H2 gas eventually leading to a lftoffiof the graphene layer when the trapped gas pressure
(H2, OH...) overcomes the bindi ccs between graphene and the substrate [70, 71]. This
phenomenon will be discussed in details in the upcoming paper but generate the need of a two
step cleaning process in whteh.a high pressure-short exposure (200 mT, 30 sec) step is followed
xposure (80 mT, 60 sec), each step using 800 W ICP power with 200

sccm Hz flow. The
enough to remov‘gﬁll MAfresidues before the lift-off occurs. This is the goal of the two step
process: in the h In\e\ss;{r step, there is a high density of H atoms to etch PMMA but the ion
energy and flux % low.This low energy minimizes ion implantation through graphene (no risk
of lift-off) biit fail§ to completely remove the resistant PMMAUC residues (Figure 9(a)).
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Publishilfigure 9. Cls XPS spectra measured on graphene/SiO,/Si after treated with (a) Ha plasma conditions of
uic step-1: 800 W ICP power, 200 mT chamber pressure, 30 sec, 200 sccm H; and (b) H, plasma
conditions of the step-2: 800 W ICP power, 80 mT, 60 sec, 200 sccm H; indicating the presence of
PMMA residues on the graphene surface after H, plasma treatment.

By contrast, the low pressure step is more efficient to clean residues but cannot be used alone to
fully clean graphene because the lift-off takes place before graphene(:/{s fully cleaned: in figure
9(b) the Cls peak still show the presence of residues after 60 ec.Ntreatment time is
increased to 65 sec, there is no more carbon on the sample due to t-& (Figure S3(c) in the SI).
We therefore start at high pressure to remove as much PM as possible with minimal ion

implantation, and the cleaning is then finished at low pressures ‘)

3.5 Structural characteristics of the H, plasma cleane g(;%\me: aman measurement

In Figure 10, we compare the Raman spectra of graphene/ S}'OZ/ Si before and after plasma
treatment as well as after annealing, recorded using 688 nm laser excitation.

-

g
2 plasma cleaned

‘\ Gr-5i02/Si_Ref

Intensity (arb. units)

S

b 7
T T T T T T T T T T
5 1800 1750 2000 2250 2500 2750
/ y. Raman shift (cm'1)

Figure 10. R@of graphene/Si02/Si (a) reference before H2 plasma treatment, (b) after

W o

H:> plasma treatnmient and (c) after vacuum annealing at 450 °C for 60 min. Laser wavelength was
488 nm. Priorto H> plasma, both the ICP reactor walls and the carrier wafer surface (20 nm
Al2Os3fon"Si) fluorine coated. The plasma treatment was carried out in 2 steps: step-1) 800
W IC 0wer§200 mT chamber pressure, 60 sec, 200 sccm Ha, step-2) 800 W ICP power, 80 mT,

3@(;; cm Ho.

efo zsma, graphene surface is covered by a thin layer of PMMA residue, but no discernible
ansignals of PMMA (typically at 1450 and 1530 cm™!) are seen when graphene is lying on a

Si@./Si substrate. However, a clear background signal spanning from 1200 to 1500 cm™! appears

for transferred graphene on Si substrate (Figure S5 (a) in the SI). The Raman spectrum of the

reference graphene/Si02/Si shows distinct G and 2D peaks associated with long range ordered
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Publishigrgphitic sp* carbon (black curve in Figure 10) [72, 73]. The intensity ratio of the 2D to G peaks
1s, 120/l = 2.78, and the 2D peak (at 2700 cm™ ") can be well fitted with one Lorentzian peak with
a width of 30.5 cm™!. These factors indicate the presence of monolayer graphene [73, 74], and
this monolayer signal is consistent over the entire 2 inch graphene sample. The fact that the D
peak is very weak and the D’ (which occurs via an intra-valley double-resonance process in the
presence of defects) is absent, indicates a graphene layer of high cryStallinity and low defect
density [75]. In contrast, after H2 plasma treatment (i.e. two step$' treatment that effectively
removes PMMA residues), a distinct D band together with weak P’ are obsérved (blue curve in
figure 10) suggesting generation of defects during plasma exposure:“Both G and 2D are slightly
broadened and upshifted indicating doping of graphene [764.77]“The ‘intensity ratio 2D to G
peaks is now Iop/Ic = 1.01. Encasement of defects could be fesponsible for the intensity reduction
[75]. However, as shown in figure 10 (red curve), high vacuum ‘annealing (under 10 mbar at 450
°C for 60 min) of the same plasma treated sample results in marginal D and D’ peaks, I2p/Ig of
1.3 and no shift and broadening of the peaks compared towreference sample. This observation
suggests that graphene is hydrogenated during H» ‘plasma‘treatment largely contributing to the
intense D peak and to graphene doping. The hydrggenation is found to be reversible through
vacuum annealing. The weak D’ peak and redueed I2n/Ic could be due to induced strain in the
graphene lattice [74, 75]. Therefore, we canwconelude that H> high density ICP plasma is
harmless for graphene even at high power and 1n nen-downstream mode.

4. Conclusion

We show that high density H2 and He'plasma operated in a “clean” plasma chamber damage the
materials constituting the plaSmrawchamber, releasing oxygen atoms, halogens and metallic
impurities in the plasma. Subsequently, these atoms damage the graphene irreversibly. We find
that the only solution to get'tid of such parasitic species in H2 plasmas is to use a wafer holder
made of Aluminum oxide and to fully fluorinate the chamber walls and the wafer holder with a F-
rich plasma prior to the plasma‘reatment of graphene. In this case, F atoms are the only impurity
in the Hz plasmas & atoms, when not ionized, are harmless to graphene because they cannot stick
on it as evidenced m_this“study. However, if the plasma conditions damage graphene (by
sputtering or£hemical etching), F atoms impurities present in the reactor immediately stick to
dangling bends on graphene defects. The amount of F is actually a good indication of the amount
of damages, Under,well controlled conditions, we find that the H> high density ICP plasma can
clean (PMMA“geSidues from graphene irrespective to its underlying substrate and without
damaging irreyersibly the graphene lattice. In addition, a two-step process is required to prevent
the lift-off“ef the graphene layer caused by H intercalation between graphene and SiO: layer:
PMMA r¢sidues should be cleaned before lift-off. The electrical property measurement of the
cleaned graphene which is currently in progress, will further demonstrate the integrity of the
Clganed graphene film as well as the harmless nature of the H> plasma cleaning process.
Nevertheless, this dry-cleaning has the advantage to be an industrially mature technology adapted
to large area substrates as well as to other 2D materials and heterostructures. In contrast, we find
that graphene is systematically damaged when exposed to He plasmas and the extent of the

17


http://dx.doi.org/10.1063/1.5043605

E I P | This manuscript was accepted by J. Appl. Phys. Click to see the version of record. |

Publishidpgnages are mostly controlled by the plasma conditions. This difference is attributed to the high
1onization energy threshold of He compared to Ha: in He, the impurities (including F) are ionized
and bombard the graphene with an energy that is too high to prevent damages.

Supplementary Material
See the supplementary material for the additional XPS and Raman data,
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Figure 1. (a-b) Survey XPS spectra measu k@ graphene/Cu: (a) reference before He plasma

treatment and (b) after He plasma treat in a‘elean reactor with chamber walls made of Al.Os. (c-d)
Corresponding C1s XPS spectra: (c) hefore,and (d) after He plasma treatment revealing the presence of
parasitic oxygen and fluorine atoms i plasma. Prior to He plasma treatment, the ICP reactor is first
cleaned with SFg plasma [48, 52]. en,“iz\plqs a is run first without the graphene sample and then with
the sample. The small graphene s IJ\@%gfixed on a Si wafer of 300 mm diameter. The He plasma

treatment conditions are as follows: 50 W. ICP power, 300 mT chamber pressure, 30 sec treatment time
and 200 sccm He flow. Q
/Q/
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ale a region where several layer-thick PMMA is
observed. These regions are systematically a ith the presence of heavier silicon impurity atoms
(that appears darker) especially on the e of flakes of residues. Prior to H, plasma treatment, the
ICP reactor is first cleaned with SF¢ plas eh;-ﬁz . Then, H; plasma is run first without the graphene
sample and then with the sample. The I hene sample is fixed on a Si wafer of 300 mm diameter.

The H; plasma treatment conditio, e ws: 800 W ICP power, 200 mT chamber pressure, 30 sec
treatment time and 200 sccm H; flow:
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Figure 3. (a-b) XPS Al2p spectra meastied on the 300 mm diameter Al,Os wafer (a) before and (b) after
H> plasma treatment in a cléan reactor with Al,Oz chamber wall. (c) Cross-sectional HRTEM image
of the same sample beforé andafter the plasma treatment. Prior to H, plasma treatment, the ICP reactor is
first cleaned with SFe plasma [48,62]. Then, Hz plasma is run first without the sample and then with the
sample. The H; pla a tr er;/condltlons are as follows: 800 W ICP power, 200 mT chamber pressure,
20 min treatment ccm Ha flow.
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treatment indicating removal of varigus ¢ “cemponents in PMMA as well as removal of carbon
residues in graphene as confirmed &}@ rease in Csp® peak intensity (blue curve in (d)). The
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well as contamination with Si. (c) Q%Si()z/Si after H, plasma treatment in the fluorine coated ICP
reactor with fluorine coated m aluminum (Al) carrier wafer indicating graphene contamination with
fluorine and (d) corresponding C1s\spectrum shows appearance of C-F component confirming fluorine
contamination. The plasma treatment was carried out with the following conditions: 800 W ICP power,
200 mT chamber pressu :f) se}fand 200 sccm H..

N


http://dx.doi.org/10.1063/1.5043605

! I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishing

@ e (b)

C1s

Intensity (arb. units)
Intensity (arb. units)

292 290 288 286
Binding energy (eV)

288 282
5 Binding energy (eV)
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Prior to H, plasma, both the ICP and the carrier wafer surface (20 nm Al,Oz; on Si) were
fluorine coated. The plasma treatmentwyas carried out in 2 steps: step-1) 800 W ICP power, 200 mT

chamber pressure, 60 sec, 2@42, step-2) 800 W ICP power, 80 mT, 30 sec, 200 sccm Ho.
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